Abstract: This paper proposes an analytical method for the jo int design of quality and production control parameters in unreliab le asynchronous multi-stage lines. Classical statistical quality control charts are typically designed without taking into consideration the logistic performance of mult i-stage systems. Similarly, production control parameters, such as the number of kanban cards at any stage of a kanban controlled system, are typically designed without taking into consideration the impact of this decision on the product quality. By doing so, it is implicit ly assumed that the two controllers act as independent. However, the dynamics of real systems show that this is not true. Specifically, the proposed method optimally sets the sample size, the sampling frequency and th e position of the control limits of the quality control charts as well as the number of kanban cards at any stage of production, by jointly considering the mutual relat ions between the controllers. Nu merical results compare the solution of this integrated design with the configurations obtained by solving the two problems in isolation with existing techniques. They show that great benefits can be achieved by the proposed integrated design of the quality and production control parameters, since it fu lly captures the interaction between the dynamics of the two controllers. 
INTRODUCTION
Quality and production control are vital activit ies for the profitability of modern manufacturing co mpanies, that are facing requirement changes at extremely high frequency. The former ensures high quality standards of the products, the latter reduces the work in progress (WIP) while meet ing the target production rate. Both aspects have been widely analyzed in the literature in the last decades. However, they have been almost always considered in isolation (Colledani et al., 2006) . As a matter of fact, the industrial practice shows that interference between these two control aspects do exist (In man et al., 2005) and may lead to globally poor solutions, if neglected. For examp le, it is known that low WIP improves the ability of identifying quality problems in the system earlier (Ou et al., 1996) . Thus, the production control parameters have an impact on the performance of the quality control tools. Also, the quality control tools stop the mach ines when they are identified to be processing parts out of control (Montgomery, 1991) . This reduces the operational time of the mach ines, thus has an impact on the production control policy. Moreover, inspecting parts for quality control purposes requires time and this affects the logistics of the material flow in the system. It is then clear that the mutual relations between quality and production control cannot be neglected while configuring the system as a whole. The dynamics of this phenomenon is represented in Fig. 1 .
In the literature, a considerable number of contributions is dedicated to the design of production control systems, considering logistics performance. Problems that have been deeply investigated are the optimal selection of control po licy parameters (Bonvik et al., 1995) involv ing basestock, kanban, Hedging Point Policy (HPP) and hybrid solutions, and the comparison of their performance. In these works, the quality viewpoint is generally neglected. On the other hand, considerable research has been carried out in the design of quality control systems. The most important issues investigated in this area are the optimisation of control chart parameters, both at a machine and at mult istage system level, the optimal location of inspection points and the definition of optimal inspection policies. In these works the production system configuration is normally considered as known. Recent research carried out both by scientists (Gershwin et al., 2005) and industrialists (Inman et al., 2005) emphasise the importance of jointly considering quality and productivity requirements during the design/redesign phase of production systems. Results showed that decisions taken at a production system level strongly impact the product quality and viceversa. This paper proposes an analytical approach, based on the line decomposition, for jointly optimizing quality control and production control parameters in mu lti-stage asynchronous manufacturing lines. Specifically, the paper considers the presence of kanban production control and statistical quality control charts. An integrated model that jointly includes quality and production control parameters is developed and an approximate analytical method is proposed to evaluate its performance. Moreover, a cost model synthesizes the global performance of the system under a given configuration and a gradient based optimization method searches for the optimal configuration of quality and production control parameters to maximize the profit, also considering demand requirements. Results show that the obtained system configuration outperforms the solutions obtained via independent applications of two existing quality and production control design approaches.
INTEGRATED PRODUCTION SYSTEM M ODEL

Production Control Policy
Kanban was introduced in the late seventies by Japanese car manufacturer Toyota. Many different formulat ions of the policy can be found in the literature (Ku mar et al., 2007) . The single-stage Kanban is a commonly implemented tokenbased policy, that controls the material flow in the system by regulating the release of raw or in-process parts at the immed iate previous production stage. Its behaviour is represented in Fig. 2 , where square represent machines, circles represent buffers (dashed line circles are kanban buffers, full line circles are buffers storing parts with kanban attached), dashed lines represent information flows and lines represent part flows. In token-based policies, events are triggered by the mo vement of tokens that represent demand realizations in the system. A machine cannot start working on a part until the proper authorization token is available. For instance, machine M 2 cannot start working a part if a card is not available in the kanban buffer B' 2 . When the card is available, the part is processed and then stored in buffer B 2 , together with its kanban. When the part reaches machine M 3 the kanban is disassembled and sent back to B' 2 (i.e. the production of a new part at M 2 is triggered) while the part continues its process in the line. It has been shown that a system operating under kanban is equivalent to a transfer line with finite buffers between each pair of consecutive machines, under the assumption of blocking before service (BBS) (Dallery et al., 1992) . Indeed, the fin ite buffer delimitates the maximu m amount of material that can be stored between the two consecutive stages exactly in the same way as kanbans. The capacity of the buffer is therefore equivalent to the number of kanban cards at stage i. In this paper, this analogy will be used to exploit the availability of techniques for analyzing asynchronous capacitated multi-stage transfer lines.
System Description
The considered production system (Fig. 3) is organized in serial layout with K machines, M i , separated by K-1 finite capacity buffers, B i . Finite buffers are used for modeling the kanban control policy. Thus, to modify the capacity of the buffer is equivalent to change the number of kanbans at each production stage. In the paper we consider the presence of three types of stations: machining stations (blue square), inspection stations (red square) and integrated stations. Machining stations are those realizing mach ining operations on parts flowing in the system. Inspection stations are those measuring some quality characteristics of the parts produced at one or more upstream machining stations. Integrated stations are those performing both manufacturing and inspection operations. For instance in Fig. 3 Machining stations are unreliable and subject to operational failures. Operational failures are typically random events that instantaneously cause the stop in the production of the mach ine. They affect the quantity of parts processed by the mach ine, by reducing the fraction of time it is operational, without directly affecting the quality of the produced parts. In real systems, they are typically fuse damages, tool breakages, wrong part positioning in the working area and mechanical jamming. Moreover, machin ing stations can produce being either in control or in out of control state. The in control state is normally characterised by a low fraction of no nconforming parts produced, while the out of control state is normally characterised by a higher fraction of nonconforming parts produced. For instance, the cause for out of control can be the loss of the process settings, the wear of tools or fixtures, the malfunctioning of some components of the machines, etc. Even if, in general, mult iple causes for out of control are possible, the commonly adopted assumption of unique out of control mode is considered for each machine.
In order to detect out of control conditions, quality control charts have been developed in the SPC theory (Montgomery, 1991) . Control charts are logical devices that perform statistical tests of hypothesis basing on data measured on the produced parts or on data collected directly fro m the process. In the model we consider only the first case. In Fig. 3 , control charts are represented as rhombus and named C t i,q , where i refers to the machining station M i that processed the monitored feature, q is associated to the inspection station M q which measures the product feature on which the control chart is based and t is an identification number, t=1,…,T. For instance, in Fig. 3, C 1,3 monitors the behaviour of the mach ining station M 1 basing on data measured by the inspection station M 3 . In this case M 1 is said to be remotely monitored by C 1,3 . On the contrary, control chart C 4,4 is based on data measured at the inspection device in station M 4 monitoring the state of the machin ing device in the same station. Therefore, station M 4 is said to be locally monitored by control chart C 4,4 . In the model, we consider that features mach ined at different production stages are independent. The competing hypotheses of the statistical test performed by the control chart are H 0 , i.e. the monitored machine is in control
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and H 1 , i.e. the monitored machine is out of control. This statistical test is subject to two types of errors, named type I and type II errors. The first error happens with probability  when the hypothesis H 0 is rejected while being true. The type II erro r happens with probability when the hypothesis H 1 is accepted while being false.
In order to provide data to be processed by the control charts, inspection plans must be designed. One can design the quality control system to measure all the produced parts, in this case a 100% inspection is performed, or to measure only a fraction of the produced parts, in this case sampling inspection is used. Data collected by the inspection stations are normally used also to decide whether the inspected parts can be considered as conforming or non-conforming. Actions which fo llo w this evaluation generally involve scrapping or reworking of defects. The method allo ws to model scrap even if, to simplify the analysis, in this paper scrapping is not considered.
Modelling Assumptions
A detailed list of the method assumptions follows, highlighting both the quality and the productivity aspects.
Continuous flow model: asynchronous production lines are characterized by deterministic processing times, wh ich are different at each production stage. In the literature, they have been modelled through the use of continuous flow models. These models approximate the behaviour of asynchronous discrete lines by considering mach ines that act as valves processing the material flow at d ifferent speeds (Le Bihan et al., 1997) , (Levantesi et al., 2003) . A continuous flow of material fro m outside is supposed to enter the system at the first station, then moves to the first buffer, visits the other mach ines and buffers in sequence until it reaches the last mach ine and leaves the system. There is always available material at the input of the system (i.e. the first machine is never starved) and available space for material storage at the output of the system (i.e. the last machine is never blocked).
Kanban Cards: The number of Kanban cards (buffer sizes) at each processing stage is finite and named N i ,for i=1,…,K-1. N i are decision variable of the formu lated design problem. processes parts at determin istic processing rate  i when it is not starved, not blocked and not slowed down (Levantesi et. al, 2003) by other upstream and downstream stations.
Inspection rate: the inspection of the product feature monitored by control chart C t i,q is performed at rate  i,q by mach ine M q . Since sampling inspection can be performed, thus not all the parts are always measured, the average inspection rate can be approximated with the following equation:
If the inspection station is integrated downstream the mach ining station, the overall station processing rate is the sum of the contributions of both the machining and the inspection rates.
Performance Measures
For the defined integrated manufacturing system model the following system performance measures are of interest:
P
Tot the average total production rate of the system, including both conforming and non-conforming parts;
Eff the average effective production rate of the system, including only conforming parts; Y Sys , the system yield, that is the fraction of conforming parts produced by the system; it is given by the ratio between the average effective and total production rates; n i the average level of WIP in buffer B i ;
PERFORMANCE EVA LUATION M ETHOD
To evaluate the performance of the system described in the previous section the approximate analytical method proposed by the same author of this paper in (Colledani, 2008) , based on the system decomposition approach, is adopted. The approximate analytical method uses an imp rovement of the decomposition technique originally introduced in (Gershwin, 1994) and extended to the case of multip le failure mode mach ines in (Levantesi et al. 2003) , named Two-Level Deco mposition (Colledani, et al., 2005) . The orig inal mu ltip le failure modes decomposition consists in decomposing the system with K machines into (K-1) subsystems formed by two pseudo-machines, M u (i) and M d (i), and one buffer, B(i), easy to analyse with exact analytical techniques (Levantesi et al. 1999) . Since the attention is focused on the flow of parts through the buffers of the decomposed lines we named this level Bu ffer Level In these states, the processing rate is greater than zero, while in all the other starvation, blocking and failure states, the processing rate is set to zero, according to the continuous flow model. However, g iven the fact that the machine can be slowed down by other slower machines in the line, the resulting processing rate is lower than the maximal processing rate  i . The processing rate  i sd adjusted considering the slow down phenomenon must be calculated. Also, the rates at which the mach ine goes failed, starved and blocked, related to the logistic impact of other mach ines and buffers on the considered station are unknown. These parameters are calculated by the decomposition equations in Appendix A.
Other unknown transition rates are those related to quality control. We name the equations that allow calculating these transition rates quality link equations:
where ARL 0 and ARL 1 are the average run lengths, i.e. the number of samples to be processed by the control chart before detecting, respectively, a false alarm or a real out of control state. According to the SPC theory, they are related to Type I and Type II error p robabilities. Moreover, in case the mach ine M i is not locally monitored, produced parts have to be stored into the buffers included among M i and M q before being measured; therefore a delay in the quality information transmission is observed. It can be approximately estimated by using the following additional quality link equation:
which is the inverse of the average time parts spend in the sub-systems included among the monitored and the inspection station. When all the transition rates are known the Markov chain can be solved. The calculated steady state probabilit ies can be used to transfer to the BLD the failure rates of the pseudo-machines. The interruption of flow due to the need of restoring the machine after an out of control is detected is modelled as a failure for the pseudo-machine as well as the interruption of flow due to false alarms of the control chart. In case the upstream pseudo-machine M U( i) of the sub-system L(i) is under consideration, these are:
Moreover, fro m the MLD it is possible to estimate the mach ine yield:
The developed method follo ws an iterative scheme that alternatively visits the MLD and the BLD. The algorith m is reported in Appendix A. The system level performance measures can be estimated as follows: 
4.COST-REVENUE M ODEL AND SYSTEM OPTIMIZATION
Cost/Revenue Model
In order to synthesize both the effects of quality and logistics performance measures, a cost function is introduced considering both the costs related to the quality and the production control systems. Each cost term is expressed in monetary value per time unit. The cost of buffer space is obtained by multip lying the cost of one module by the number of kanban cards at each production stage: In general, the same expression can be written for all operational failure modes of the machines in the system:
Therefore the total cost of the system is: (18) By defin ing RC the added value generated by the production of one conforming unit and RNC the added value generated by the production of one non-conforming unit, the revenue can be evaluated as:
In general, RNC is lower than RC. Indeed, the selling of nonconforming parts to the customer may lead to the introduction of discounting policies or to additional work needed to make the product conforming. In those cases in which the reworking of parts is particularly critical and expensive or the penalty for selling non-conforming products to the customer is high, RNC can also assume negative value. The total income of the system is therefore:
Optimization Problems Formulation
Unconstrained Optimization Problem: The objective of the unconstrained optimization problem is to find the production line configuration characterized by the maximu m total net income per time unit. This problem is appropriate in those cases in which the demand of the market is significantly higher than the maximu m production rate of the system.
Constrained Optimization Problem:
The objective of the constrained optimization problem is to provide the production line configuration characterized by the maximu m income under a constraint on the total throughput to be satisfied by the system. The general fo rmulat ion of the constrained problem follows:
This problem is appropriate in those cases in which the demand rate of the market D is lo wer than the maximu m throughput the system can provide. The equation determining the revenue deriving from the selling of the products remains the same in configurations where P tot  D, while changes if P tot >D into the following expression:
which indicates that the revenue is generated only by the selling of products required by the market, D.
NUM ERICA L RESULTS
The proposed problems have been solved via an intelligent gradient based approach similar to that developed in (Co lledani et al. 2006b ). The method is fast in generating the optimal configuration of the system, providing the solution in about 30-60 seconds. The results highlight the benefits derived from the application of the proposed integrated approach, with respect to isolated approaches. For comparison purpose, starting with the same set of data, the quality control chart parameters and the number of kanbans at each stage are optimized independently by using respectively the method proposed in (Gershwin et al, 2009 ) and the method proposed in (Lorenzen et al, 1986) . These state-ofthe-art approaches are representative of what could support a practitioner to solve the problem tackled in this paper. The optimal parameters are p lugged into the performance evaluation method proposed in section 3 to find the overall income of the configuration provided by the isolated procedures. Furthermore, the same problem is solved with the integrated approach proposed in this paper. An extensive experimental campaign has been carried out for 100 systems with randomly generated parameters. Test systems were characterized by different number and location of inspection devices, number of stations varying from 2 to 12, operational failure and repair rates, varying from 0.0005 to 0.5, out of control rates varying from 0.0001 to 0.1 and processing and inspection rates, varying from 0.5 to 3. The average income increase obtained by solving the unconstrained problem with the integrated approach is 24.6% over the 100 test cases . Overall, the main advantages are visible for the cases in which inspection stations remotely monitor one or more mach ines subject to out of controls. Moreover, as the need for a reactive quality control increases, the joint design solutions highly outperform the isolated solutions, with benefits up to 65% of the income. In all the 100 test cases, the integrated approach provides solutions with higher inco me than the isolated procedures. Furthermore, a set of experiments has been carried out to investigate and compare the optimal solutions proposed by the integrated and the joint design approaches, under variations of the system parameters. In this paragraph, some of the most important results leading new insights on the topic are summarized.
In the first experiment, the behaviour of the optimal integrated solution of the unconstrained problem is studied under variations of a subset of cost coefficients, for a sample system formed by 3 machines, where the first machine subject to out of control is monitored by the inspection station located at the end of the line (M 3 ). Data are reported in Table 1 . Table 1 : Data for the considered 3 machine system.
In the following, we report the impact of the selling price of defective items, RNC, varying from -70 and 15. Analyzing the integrated design solution (Table 2) , as RNC increases, the quality control effort is reduced (h increases, m decreases, K increases) but also the production control effort is reduced, allo wing higher WIP to be accumulated in the system. Indeed, for low RNC=-70, the integrated design sets the quality control parameters in order to increase the monitoring effort (h (C 1,3 (N 1 =1, N 2 =2 ) to reduce the interference in the transmission of the quality informat ion feedback, due to the time parts spend in the system before being inspected. On the contrary, as RNC gets close to RC, there is no need to limit the WIP to increase the visibility of the quality problems to the downstream inspection station. As it can be noticed, this behaviour is not captured by the isolated procedures, that always provide solutions with lower inco me ( -35% for RNC=-70, Fig 5) . Indeed, with low RNC=-70 the quality control designer sets the parameters to provide high monitoring effort to the control chart (h (C 1,3 )=4, m(C 1,3 )=2, K (C 1,3 ) =1.663), but in the same time, the kanban designer does not capture the need for limiting the WIP (N 1 =12,  N 2 =27) . Thus, by ignoring the impact of the WIP on the quality control behaviour, the number of Kanban cards is overestimated. This negatively impacts the income since the delay in the quality information feedback caused by high WIP affects the reactivity of the control chart. The benefits of the integrated design reduce as RNC increases (economic values of non-conformit ies tends to the economic value of conforming parts); thus, for the most interesting cases for practical applications, the method proposed in this paper provides improved quality and production control solutions. Table 2 : Optimal values of the quality and production control parameters with Isolated (ISO) and Joint (JT) procedures .
In the second experiment, the impact of the processing rate of the first machine,  1 , varying from 0.5 to 1.45 is investigated.
The considered system is the same as the previous examp le. The value of RNC is set to -50. The optimal inco me for the isolated and integrated design approaches is reported in Fig.  6 . Analy zing the optimal inco me obtained by the integrated approach, it is an increasing function of the machine processing rate. The income increases almost linearly for values of  1 <1 and is almost flat for values of  1 >1. Thus, the best processing rate suggested by the joint design procedure is  1 =1. On the contrary, the income obtained by the isolated procedure has a maximu m for  1 close to 0.85 and decreases to an asymptotic value for larger values of  1 .
Therefore, the application of the joint design procedure has a beneficial impact, lead ing to an increase in the income of some 20%. Moreover, by designing the parameters of the quality and production controllers in isolation, the inco me may even decrease while increasing the machine speed. This counterintuitive and undesirable behaviour is avoided if the joint design procedure is adopted. The explanation for this counterintuitive behaviour is the following. When the processing rate of the first machine is small (e.g.  1 =0.5),
Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 mach ine M 1 is the system bottleneck and the WIP included between the monitored station M 1 and the inspection station M 3 is low. Thus the impact of the system flow t ime on the delay of the quality information feedback is negligible. In this case, the isolated and the integrated designs provide similar solutions. When the processing rate of the first machine increases (e.g.  1 =1.2), the bottleneck shifts to machine M 3 , and more material starts accumulating in the system, causing the quality feedback delay to be more and more relevant. Observing the value of the parameters in the optimal solutions, Table 3 , the integrated design captures this shift and sets the number of kanbans to lower values for higher mach ine processing rate (e.g. N 1 =4, N 2 =3, for  1 =1.2), in order to reduce the impact of the system delay on the quality informat ion feedback. On the contrary, the production controller in the isolated procedure does not detect the need for reducing the WIP and keeps the number of kanbans large also for large values of the processing rate of machine M 1 (e.g. N 1 =8, N 2 =27, for  1 =1.2). Therefore, this interaction between the two controllers is neglected and the solution provided by the isolated design approach is sub-performing. In the third experiment, the solution of the constrained problem under variation of the demand rate requirement D is studied, for the five mach ine system represented in Fig. 7 . As it can be noticed ( Fig. 8) as D increases, the optimal solution tends to the solution of the unconstrained problem. Moreover, the variation of the demand rate D impacts both on the optimal number of kanban cards and on th e optimal parameters of the control charts. Also for the constrained problem, designing the two controllers in isolation (red line) leads to sub-optimal control of the system. It is worth to mention that by solving the constrained problem with the isolated procedures, the solution showed a lower production rate than the demand rate, when plugged into the performance evaluation method of section 3. Indeed, the impact of the stops for quality control checks on the machine efficiency are not captured by the kanban designer. In the experiment, differences of about 4% with the target demand rate are observed. On the contrary, the integrated approach always provide solutions that actually meet the demand rate. Table 3 : Optimal values of the quality and production control parameters with Isolated (ISO) and Joint (JT) procedures. 6. CONCLUSIONS This paper has proposed an integrated methodology for the joint design of quality and production control parameters in modern JIT production systems. Results show that the configuration proposed by the integrated approach outperforms the configuration obtained by the application of isolated methods. This proves that the joint design of production control and quality parameters may be highly beneficial for companies, especially in turbulent contexts where requirements rapidly change over time. The proposed method is based on analytical models of the dynamics of the material flo w in the system, thus allowing for fast optimization. Future research will regard the extension of this approach to assembly and manufacturing systems characterized by co mplex material flows.
